The association of primary Sjö gren's syndrome (pSS) with Major Histocompatibility Complex (MHC) alleles is quintessential of MHC-disease associations. Indeed, although disease associations with classical HLA class I and II alleles/haplotypes are
Introduction
Primary Sjö gren's syndrome (pSS) is a systemic autoimmune disease with a population prevalence of 0.05 to 0.6%, and a 14:1 female to male ratio (1) (2) (3) . pSS could be defined as an exocrinopathy where the dysfunction of salivary and lacrimal glands respectively lead to xerostomia and keratoconjunctivitis sicca (4) . Like most complex autoimmune diseases, pSS is believed to be caused by an interplay between environmental factors (infection, stress. . .) and host's genome. Among the latter, MHC (also known in man as the "Human Leukocyte Antigen"; HLA) genes are major players in susceptibility to pSS, as is the case for most, if not all, autoimmune diseases (5) . Indeed, a number of pSS associated HLA loci -including risk and protective alleleshave been reported in the past three decades (6) . HLA class II DRB1 and DQB1 have been extensively studied, with HLA-DRB1*15:01 (also called HLA-DR2) and HLA-DRB1*03:01 (also known as HLA-DR3) alleles defining the strongest reported associations in Caucasians (7, 8) . In the MHC class I region, associations are well known with HLA-B*008 (first reported in 1975) and HLA-A*024 (9, 10) . In the class III region, SNPs in TNF and more recently NCR3/NKp30 have also been reported as pSS risk factors (11) (12) (13) . More recently, two genome-wide association studies (GWAS) identified SNPs with high predictive values in the HLA region. The first study was performed in a Han Chinese population. Amongst the 15 associated SNPs uncovered in the HLA region, two reached genome-wide significance, namely rs9271588 (HLA-DQA1 region) and rs4282438 (HLA-DPB1 region) (14) . The second study examined patients and controls of European descent. The authors identified 160 variants in the HLA region with three peaks accounting for most of the association: rs115575857 (HLA-DQB1 region), rs3129770 (HLA-DQA1 region) and rs3131619 (MHC class I chain-related gene A (MICA) region) (15) . The vicinity between MICA and rs3131619 (51.2 kb apart) begs investigating the relevance of MICA's coding sequence per se in susceptibility to pSS.
The MIC gene family encodes a distinct family of MHC class I genes within the HLA complex (16) (17) (18) . MICA is distant of only 46 kb from the HLA-B locus. It encodes a stress-induced, membrane-bound, single chain (no dimerization with ß 2-microglobulin) glycoprotein recognized by NKG2D expressing CD8 þ aß, Çd
T-cells and/or NK cells (18) . MIC proteins appear to be specifically expressed in epithelial/mucosal tissues (19) although they do show a wider transcription pattern (20) . By triggering the cytolysis mediated by NKG2D-bearing cells, MICA participates in the first line of defense against pathogens and cancer. As MICA-NKG2D interaction has been shown to increase inflammatory cytokine production and proliferation of certain subsets of T cells, its implication in autoimmunity seems plausible (18, 20) . MICA is highly polymorphic, with over 100 alleles identified to date and such with only few thousands individuals sequenced (21, 22) (http://hla.alleles.org; date last accessed February 28, 2017) . This is to be compared to close to 16,000 alleles for HLA genes, but uncovered after sequence analyses of several million individuals (http://hla.alleles.org; date last accessed February 28, 2017) . Nevertheless, and as of now, after the classical HLA (A/B/C/DR/DP/DQ) genes, MICA is the most polymorphic human and hence MHC gene. The polymorphism of MICA comprises a mixture of coding SNPs throughout the molecule and an exon 5 (transmembrane domain) embedded triplet repeat microsatellite (GCTn). With regards to the latter, seven different GCT (alanine) repeats have been described: alleles carrying four alanine repeats are dubbed A4, those with 5, A5, 6 (A6), 7 (A7), 8 (A8), 9 (A9) and 10 (A10). An additional allele is defined by the A5 allele with a guanine insertion after the second of the five trinucleotide repeats. This causes a frameshift mutation leading to a premature intradomain stop codon. This particular allele is called A5.1. Several studies have found associations between MICA alleles and autoimmune diseases (23) (24) (25) , although many have suffered from the well-known caveats of MHC-disease association studies i.e the MHC-wide strong linkage disequilibrium (LD) (5) and the lack of replication in independent cohorts (26), respectively. Finally, and in addition to above-mentioned circumstantial evidences for the potential relevance of MICA in pSS pathophysiology, the recent identification of the SNP rs3131619, located in close proximity to MICA and showing genome-wide significance in a pSS GWAS (15), further compelled us to address the following two questions directly: (1) are MICA alleles associated with pSS? (2) if yes, is this a primary association or merely due to linkage disequilibrium with the already known HLA class I, class II or other closely linked loci? The study presented here -incidentally the first analysis of MICA association with pSS -provides answers to both questions.
Results
The distribution of MICA alleles was first studied in a discovery cohort (French Assessment of Systemic Symptoms and Evolution in patients with pSS; ASSESS) of 347 pSS patients and 553 unrelated healthy subjects ( Table S1 ). Because the HLA region displays a high degree of LD and some pSS associated genes/markers are already known within this chromosomal segment, using proxy SNPs, we tested in addition to these well-known MHC-linked pSS susceptibility loci, HLA-DRB1*03:01 and HLA-DRB1*15:01, the following MICA neighboring risk alleles for association with pSS: HLA-B*08:01 (telomeric to MICA), rs3131619(T) (T allele, centromeric to MICA), MICB*008 (centromeric to MICA), TNF308A (centromeric to MICA) (Fig. 1) . No significant deviation (p 0.001) from HardyWeinberg equilibrium was observed for any tested gene (or allele) in controls. Table 2 summarizes the statistical analysis with respect to presence/absence of potential risk alleles in different patients' sub-groups. The following six sets of comparisons were performed for both cohorts (i.e. discovery cohort and replication cohort) as well as in the combined data set (metaanalysis): (I) all pSS cases (irrespective of their anti-SSA/SSB auto-antibody status) versus healthy controls, (II) pSS cases positive for anti-SSA antibodies only versus healthy controls, (III) pSS cases positive for anti-SSA and anti-SSB antibodies versus healthy controls, (IV) pSS cases negative for anti-SSA and anti-SSB antibodies versus healthy controls, (V) pSS cases positive for anti-SSA antibodies only versus negative for anti-SSA and anti-SSB, and (VI) pSS cases positive for anti-SSA and anti-SSB antibodies versus negative for anti-SSA and anti-SSB antibodies. In both cohorts, when considering all patients (again, irrespective of their auto-antibody status) versus healthy controls, with the exception of HLA-DRB1*15:01, all tested loci/ alleles were found to be strong susceptibility markers (all P-value < 10 À34 in meta-analysis) ( Table 2 ). Of note, in both controls and cases, the frequencies of all tested markers were higher in the replication cohort than in the discovery cohort, confirming the frequency gradient of HLA markers across Europe (27) . In both cohorts, the association of HLA-B*08:01, MICA*008, rs3131619(T), MICB*008, TNF308A and HLA-DRB1*03:01 was stronger in the subset of patients with both disease-specific anti-SSA and anti-SSB autoantibodies than in all pSS patients, with OR (meta) of 5. ). Only weak associations of HLA-B*08:01, MICA*008, MICB*008, TNF308A and HLA-DRB1*03:01 could be observed in the subset of patients without anti-SSA and anti-SSB antibodies. Finally, the same loci/alleles showed a weak association with anti-SSA and anti-SSB positivity but not with isolated anti-SSA positivity (Table 2) .
Linkage disequilibrium (LD) between the tested loci was evaluated with Haploview software. Fig. S1 ). Given this high degree of LD observed between the different markers, to statistically assess the independent effect of MICA, association of MICA*008 (presence/absence in controls and patients) was evaluated using a multiple logistic regression model including HLA-B*08:01, rs3131619(T), MICB*008, TNF308A and HLA-DRB1*03:01 alleles as co-variables. For HLA-DRB1, we included only the risk allele HLA-DRB1*03:01 in the multivariate model because it is the strongest risk allele of this gene and because HLA-DRB1*15:01 was not significant in univariate analysis (data not shown). In both cohorts MICA*008 showed a significant effect (p discovery
À04
) on pSS susceptibility independently of HLA-B*08:01, rs3131619(T), MICB*008, TNF308A and HLA-DRB1*03:01 (Table 3) . Similar results were obtained when including sex as a co-variate in the multivariate model (Supplementary Material, Table S4 ). To further account for potential LD we restricted the analysis to subgroups of individuals without HLA-B*08:01, rs3131619(T), MICB*008, TNF308A, and HLA-DRB1*03:01 risk alleles. We found that MICA*008 was associated with pSS in the discovery cohort (p discovery ¼ 0.032), replication cohort (p replication ¼ 0.002) and meta-analysis (p meta ¼ 1.33 Â 10 À04 ) ( Table S6 ).
To assess the functional consequences of this genetic association, we measured the level of soluble MICA protein (sMICA) in the serum of a subset of pSS patients of the replication cohort (n ¼ 281) and compared them to healthy blood donors (n ¼ 255). When analyzing controls and pSS patients separately, the presence of the MICA*008 allele was correlated with a higher level of sMICA in a dose-dependent manner, i.e. ([sMICA] in MICA*008 (Fig. 2) . Moreover, independently of the genotype, there was significantly more sMICA in the serum of pSS patients compared to healthy controls (Fig. 3) . Finally, we assessed the association of high-level sMICA (> 182.925 pg/ml) with pSS, in different patients' sub-groups. Similarly to what was observed within the same subgroups for the genetic association analyses (see above), there were more subjects with high level sMICA in the patients' groups compared to controls (OR ¼ 2.94; 95% CI 2.05-4.22; P ¼ 4.34 Â 10
À09
) and this difference was amplified when the analysis was restricted to the pSS cases with only anti-SSA antibodies (OR ¼ 3.19; 95% CI 1.62-6.27; P ¼ 7.79 Â 10
À04
) or pSS cases with anti-SSA and anti-SSB antibodies (OR ¼ 4.25; 95% CI 2.66-6.81; P ¼ 1.63 Â 10 À09 ) ( Table 5 ). In addition, pSS was weakly associated with high-level sMICA in patients with anti-SSA and anti-SSB antibodies compared to patients without anti-SSA and/or anti-SSB antibodies (OR ¼ 2.53; 95% CI 1.13-5.67; P ¼ 0.024) ( Table 5) . Finally, the association of soluble MICA levels was shown to be stronger than, and independent of, the HLA-DRB1*03:01 allele (Supplementary Materials, Figs S3 and S4).
Discussion
This is the first report investigating the association of MICA with pSS. Genetic associations of MICA in several autoimmune/autoinflammatory diseases such as rheumatoid arthritis, Behçet's disease or yet systemic lupus erythematosus have been previously reported (25,28,29 ). However, with the possible exception of Behçet's disease (linked to another MICA allele, MICA*009, harboring the A6 transmembrane repeat and incidentally also an epithelial/mucosal disease) (25, 30, 31) , these studies most often concluded to a secondary association with MICA because of LD with other susceptibility/protective loci, or were not able to conclude as to whether MICA or the neighboring loci in LD, was the primary causal locus. In the present study, by extensively taking into account the genotypes of all major and/or potential pSS susceptibility genes/alleles -i.e. HLA-B*08:01, MICA*008, rs3131619(T), MICB*008, TNF308A, HLA-DRB1*03:01 and HLA-DRB1*05:01-an independent association of MICA*008 with pSS is evidenced. The fact that the P-value for MICA*008 association is higher in univariate (P ¼ 2.61 Â 10
À35
, Table 2 ) than in multivariate analysis (P ¼ 5 Â 10
À5
; Table 3) confirms that there is an LD between MICA*008 and other markers of this region, but does not question the independent association with pSS.
MICA*008 is the most frequent MICA allele in nearly all populations studied (21, (32) (33) (34) (35) (36) . It is moreover a peculiar allele, as it differs from other MICA alleles by a single nucleotide insertion within the transmembrane-encoding exon (25, 16) . This leads to a truncated protein devoid of any cytoplasmic tail and a shortened transmembrane segment. Due to this structural specificity, it was suggested that the well-known process of proteolytic shedding of MICA is more likely to happen for the MICA*008 allele than for other MICA variants (37) . Our results here show for the first time a clear dose dependent effect of the MICA*008 genotype of a subject-irrespective of the disease status -on the amount of sMICA in his/her serum (Fig. 2) .sMICA has been implicated both in cancer and autoimmunity through NKG2D receptor dis-regulation (38) (39) (40) (41) . Secretion of MICA protein in the soluble or exosomal form has been shown to be a major immune escape strategy in human tumors (39, 42) . Higher amounts of sMICA were also reported in serum of rheumatoid arthritis patients, where they might stimulate autoreactive T cells (41) . Here we describe a genotype independent association of high level of sMICA with pSS ( Fig. 3 and Table 5 ) which suggests a possible role of sMICA in the pathophysiology on pSS. The release of sMICA, which is amplified by the genetic association with the MICA*008 allele (Fig. 2) , may therefore, as described in other conditions (39, (43) (44) (45) , trigger a systemic down-regulation of the NKG2D receptor on NK and CD8 T cells or paradoxically augment the cytotoxicity of these cells as recently shown for an NKG2D ligand in mouse (46). Genotyping of HLA-B*008 was performed using proxies rs6457374 and rs2844535.
b MICA*008 was typed using proxy MICA A5.1.
c HLA-DRB1*03:01 was typed using proxy rs2187668. The analysis was controlled for a cohort effect by including the cohort as a co-variate in the model.
Besides the increased production of a soluble MICA*008, at least four different other mechanisms alone or in various combinations, could also explain the contribution of MICA*008 to pSS (1) a differential binding of the allele to NKG2D as this has been recently documented for other MIC alleles (18) and indirectly shown in man in a transplant setting where the effect of LD was totally eliminated (as donors and recipients were 100% allele matched for all major HLA loci) (47, 48) ; (2) a distinct subcellular targeting of MICA*008, as this has been clearly shownin an experimental set-up -in polarized epithelial cells (49) ; the case for pSS lesions, (3) an escape from viral evasion mechanisms due to the lack of cytoplasmic tail in this particular allele The analysis was controlled for a cohort effect by including the cohort as a co-variate in the model.
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Soluble MICA level (pg/ml) Soluble MICA level (pg/ml) Figure 2 . Correlation between soluble MICA levels and MICA*008 genotype. The x-axis shows the MICA*008 genotype status: -/-corresponds to a subject without the MICA*008 allele, þ/-to a MICA*008 heterozygous subject and þ/þ to a MICA*008 homozygous subject. The y-axis shows the concentration of soluble MICA in pg/ml. The number of independent samples in each group is shown in parentheses. The horizontal line in the box-plots corresponds to the median values of each tested group. The box covers the 25th to 75th percentiles and the whiskers extend to the highest and lowest value within 1.5 times the interquartile range. Points outside the whiskers are outliers. Comparison of median values between groups was tested with the Mann-Whitney's test. Plots were generated with the SPSS software (release 12.0.1; SPSS, USA). (versus all other MICA alleles which are full-length), a known target of viral immunoevasins (50, 51) . It is of note that a viral etiology for pSS is intermittently put forward (like for many auto-immune diseases); and in some cases documented (52); (4) a last, circumvoluted explanation, is the presentation to the T-cell receptor, of MICA*008 specific antigenic peptides by HLA-B*08:01. This mechanism, which could be relevant not only to pSS but to other tissue specific auto-immune diseases (Bahram et al. unpublished) , could (in this case) reconcile the tissue specificity of pSS (through restricted MICA expression), the linkage disequilibrium (here MICA*008 and HLA-B*08:01), and the ubiquitous expression of HLA-B*08:01 (like any classical MHC-I). Whatever the actual mechanism, this genetic study puts the MIC-NKG2D axis at the heart of pSS pathophysiology and corroborates recent functional studies hinting to the involvement of NK cells in the induction phase of pSS (12) .
In conclusion, our results demonstrate that MICA is a novel, independent, HLA-linked disease susceptibility locus for pSS. As such, MICA should be included in investigational genetic profiling of pSS patients and the MICA-NKG2D axis carefully examined in the context of the complex pathophysiology of disease. We additionally show a dose dependent expression of sMICA -a phenomenon relevant to many other diseases as well -further increased in pSS patients, where it might affect NK and T cell activity via modulation of NKG2D signaling. In order to fully decipher the pathophysiological mechanism involving MICA*008, additional functional studies are needed. By using CRISPR/Cas9 for instance, the specific deletion of MICA alleles in relevant cell lines or patient cells could be informative.
Materials and Methods
Patients and controls
The discovery cohort was composed of 347 pSS patients from the French nationwide ASSESS cohort (French Assessment of Systemic Symptoms and Evolution in patients with pSS) and 553 control individuals. The replication cohort was composed of 612 pSS patients from the UK primary Sjö gren's syndrome registry (UKPSSR, United Kingdom) and 490 controls. All patients fulfilled the American-European Consensus Criteria for Sjögren's Syndrome (53) . Principal component analysis (PCA) based on 47 Ancestry Informative Markers (AIMs) was used to detect population outliers in the discovery cohort. After outlier removal, the discovery cohort consisted of a total of 347 pSS patients. For the replication cohort, we performed a PCA analysis with 29 independent genetic markers from a previous GWAS (15) . No outlier was detected by this analysis. Both cohorts used EIGENSTRAT for PCA and outlier detection (54) . The controls were all self-reported unrelated healthy individuals of European descent originating from the same geographical area as patients. All patients and controls have provided written informed consents and the research protocol was approved by relevant institutional review boards.
All genotypes A
Genotyping
Full-length sequencing of MICA and MICB extracellular domains (a1, a2 and a3) encoding exons was performed as previously described (22, 55) . Briefly, fragments spanning exons 2 to 5 of MICA and MICB were PCR amplified using the Expand Long Template PCR System (Roche, Germany), following manufacturer's recommendations. After purification with the QIAquick PCR Purification Kit (QIAGEN, Germany), the PCR products were directly sequenced with the BigDye Terminator v3.1 Cycle sequencing kit and run on an 96 capillary ABI3730XL Genetic Analyzer (Life Technologies, USA). Sequences were analyzed using Seqscape software (Life Technologies, USA). Final MICA and MICB genotypes were assigned using an in-house developed software compiling sequence data and MICA-transmembrane (TM) genotypes.
Genotyping of the MICA-TM microsatellite polymorphism was performed as previously described (25) . The TM coding region was amplified with a forward primer labeled at the 5 0 end Genotyping of SNPs rs3131619 and rs1800629 (TNF308A), as well as SNP proxies for HLA-B*008 (rs6457374 and rs2844535) (estimated correlation of 98%, data not shown) (56) (57) (58) , HLA-DRB1*15:01 (rs3129860) (56, 59) and HLA-DRB1*03:01 (rs2187668) (56, 59) was carried out by the Taqman method using predesigned primer sets (Life Technologies, USA). PCR reactions were performed following manufacturer's recommendations in 10 ml final reaction volumes with 15 ng of genomic DNA as template. Cycling conditions were as follows: one cycle at 95 C for 10 min, 40 cycles at 92 C for 15 s, 60 C for 1 min. End-point fluorescence intensities were read using an ABI7000 Real-Time PCR System and analyzed by the Sequence Detection Software v1.2 (Life Technologies, USA).
Quantification of soluble MICA (sMICA) sMICA levels were measured in patients' and controls' sera with an in-house developed sandwich enzyme-linked immunosorbent assay (ELISA) using two monoclonal mouse antibodies for capture (A13-C485B10 and A9-C255A9 at 2 mg/ml and 0.2 mg/ml, respectively) and one biotinylated monoclonal mouse antibody for detection (A15-C199B9 at 60 pg/ml). Coating of MaxiSorp ELISA plates (ThermoFisher Scientific) was performed in PBS at þ4 C overnight. After three washing steps with PBS, the wells were blocked with 200 ml of 10% BSA in PBS for 1 h at room temperature. All the following steps were carried out at room temperature with PBS/0.05% Tween 20/10% BSA used as a diluent for all the reagents and sera. The plates were washed three times with PBS/0.05% Tween 20 between incubation steps. After blocking, the plates were incubated with 100 ml of sera, standards and controls for 2 h, followed by incubation with 100 ml biotinylated detection antibody for 1 h. Then the plates were incubated during 1h with 100 ml of a 5000-fold dilution of streptavidin poly-HRP (ThermoFisher Scientific) per well. The reactions were finally revealed using TMB Ultra (Thermofisher Scientific) at 100 ml/well for 15 min and stopped with 100 ml of 1M HCl. The absorbance was measured at 450 nm. The sensitivity and allelic specificity of the ELISA has previously been validated using a panel of 16 purified MICA and 6 MICB alleles and the assay was shown to be MICA-specific. For quantification, standard curves were generated by 2.5-fold serial dilutions of purified MICA*008 and MICA*018 alleles (showing respectively the highest and lowest sensitivity of all tested alleles in the ELISA) with starting concentration of 1 ng/ml and seven calibration points. In addition, each microplate contained four internal control samples that were generated by pooling several human sera and spiking them with different amounts of MIC proteins. Spiking recovery served as a reference for the quality of each experiment. In addition, the spiking controls also served for normalization of the data. The spiking controls and human sera were diluted 10-fold. Each sample was tested in duplicate.
Statistical analysis
Comparing distributions of genotypes between cases and controls was performed using the Pearson's Chi-square test. Odds ratios (OR) and 95% confidence intervals (95% CI) were calculated for the tested alleles in the pSS patients groups vs. control groups. The P-values were adjusted with the Bonferroni correction by multiplying the P-values by the number of tests conducted. Corrected P-values below 0.05 were considered statistically significant. PLINK (60) was used to test for HardyWeinberg equilibrium. LD between markers was calculated using Haploview program (61) as normalized value of pairwise LD (D'¼D/Dmax). Univariate analysis and logistic regression analysis were performed using SPSS (release 12.0.1; SPSS, USA). Only markers displaying P < 0.05 in univariate analysis were included in the multiple logistic model. For fitting the model, the status of patient or control was used as a binary dependent variable, and the following independent predictor variables, expressed as presence/absence, were used: MICA*008, HLA-B*08:01, TNF308A, rs3131619 (T), MICB*008, and HLA-DRB1*03:01. Results of logistic regression were reported in terms of odds ratio (OR) with 95% confidence interval (CI). The meta-analysis was performed by combining data of both cohorts. In multivariate analyses presented in Tables 2 and 3 and Supplementary  Material, Table S4 , the cohort was included as a covariate in the model.
Concentrations of sMICA were calculated with a fiveparameter logistic curve analysis using the MICA*008 allele as a reference for the standard curve (GraphPad Prism; GraphPad Software, Inc., USA). Data were expressed as mean of duplicates for each serum. Comparison of the ELISA results between patient and control groups was statistically analyzed using Mann-Whitney's nonparametric, unpaired, two-tailed test (SPSS release 12.0.1; SPSS, USA). The significance level was set to P-value < 0.05. The comparative analyses were validated to be equivalent when using the MICA*016 allele as a reference for standard curves. ROC curve analysis was performed with SPSS release 12.0.1 (SPSS, USA) and the Youden index was used to select the optimum cutoff values for the ELISA (62).
Supplementary Material
Supplementary Material is available at HMG online.
